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Dysregulated Autophagy and Sarcomere 
Dysfunction in Patients With Heart Failure 
With Co-Occurrence of P63A and P380S 
BAG3 Variants
Thomas G. Martin , PhD*; Hana Pak , BA*; Glenn S. Gerhard , MD; Salim Merali, PhD; 
Carmen Merali , BA; Bonnie Lemster , MPH; Praveen Dubey , PhD; Charles F. McTiernan , PhD; 
Michael R. Bristow , PhD; Arthur M. Feldman , PhD; Jonathan A. Kirk , PhD

BACKGROUND: Mutations to the co-chaperone protein BAG3 (B-cell lymphoma-2–associated athanogene-3) are a leading 
cause of dilated cardiomyopathy (DCM). These mutations often impact the C-terminal BAG domain (residues 420–499), 
which regulates heat shock protein 70-dependent protein turnover via autophagy. While mutations in other regions are less 
common, previous studies in patients with DCM found that co-occurrence of 2 BAG3 variants (P63A, P380S) led to worse 
prognosis. However, the underlying mechanism for dysfunction is not fully understood.

METHODS AND RESULTS: In this study, we used proteomics, Western blots, and myofilament functional assays on left ventricular 
tissue from patients with nonfailing, DCM, and DCM with BAG363/380 to determine how these mutations impact protein qual-
ity control and cardiomyocyte contractile function. We found dysregulated autophagy and increased protein ubiquitination in 
patients with BAG363/380 compared with nonfailing and DCM, suggesting impaired protein turnover. Expression and myofila-
ment localization of BAG3-binding proteins were also uniquely altered in the BAG3,63/380 including abolished localization of the 
small heat shock protein CRYAB (alpha-crystallin B chain) to the sarcomere. To determine whether these variants impacted 
sarcomere function, we used cardiomyocyte force-calcium assays and found reduced maximal calcium-activated force in 
DCM and BAG363/380. Interestingly, myofilament calcium sensitivity was increased in DCM but not with BAG363/380, which was 
not explained by differences in troponin I phosphorylation.

CONCLUSIONS: Together, our data support that the disease-enhancing mechanism for BAG3 variants outside of the BAG 
domain is through disrupted protein turnover leading to compromised sarcomere function. These findings suggest a shared 
mechanism of disease among pathogenic BAG3 variants, regardless of location.
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BAG3 (B-cell lymphoma-2-associated athano-
gene-3) is a widely expressed heat shock protein 
co-chaperone with highest abundance in cardiac 

muscle, skeletal muscle, many types of cancer, and 
the central nervous system.1 As an adaptor protein, 
numerous distinct functional roles have been identified 

for BAG3 in myocytes due to its unique combination of 
protein-binding partners. These include maintenance 
of the sarcomeric cytoskeleton,2,3 activation of mac-
roautophagy,4,5 inhibition of apoptosis,6 and regulation 
of contractility through β-adrenergic receptors and  
L-type calcium channels.7,8 Two recent comprehensive 
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genetic studies independently concluded that BAG3 
is 1 of 8 genes with a definitive causative link to ge-
netic dilated cardiomyopathy (DCM).9,10 Disease-
causing variants in BAG3 are also relatively abundant 
in the population and are estimated to account for at 
least 0.3% of all DCM cases.10 Despite the definitive 
involvement of BAG3 mutations in causing cardiomy-
opathies, the molecular mechanisms that precipitate 
disease in patients with BAG3 variants remain poorly 
characterized.

Few studies have investigated the molecular mech-
anisms underlying disease with each of the dozens of 

known pathogenic and likely pathogenic BAG3 mu-
tations. To date, only 3 different pathogenic variants 
have been studied in cell and animal models (P209L, 
E455K, R477H), and only 1 has been studied in human 
tissue (P209L).11–14 These studies suggest a common 
mechanism of disease: compromised protein turnover 
leading to sarcomere structural and functional disor-
der.2,11–13 Each of these 3 mutations lies in an important 
BAG3 functional domain: P209L occurs in the second 
isoleucine-proline-valine (IPV) motif of BAG3 that binds 
small heat shock proteins (HSPs),15 and E455K/R477H 
occur in HSP70-binding residues of the C-terminal 
BAG domain (Figure 1A and 1B).16 Notably, the major-
ity of pathogenic BAG3 variants are truncating muta-
tions where the BAG domain is absent at the protein 
level.10,17 Thus, it is not surprising that compounds that 
disrupt the BAG3-HSP70 complex formation also dis-
rupt sarcomere integrity, prohibit autophagy, and are 
toxic for cardiomyocytes.18 Disrupted HSP-regulated 
protein quality control leading to compromised sarco-
mere integrity appears to be the shared mechanism of 
disease between these BAG3 variants. However, it is 
not clear how other disease-associated mutations that 
do not impact the HSP-binding domains contribute to 
disease.

Two recently described BAG3 variants identified 
to co-occur in patients with cardiomyopathy, while 
not causative of disease, were associated with worse 
clinical outcomes in DCM.19,20 The variants, P63A and 
P380S, are located outside of the HSP-binding do-
mains of BAG3. Coexpression of these point muta-
tions via adenovirus-mediated gene transfer in AC16 
cells resulted in increased apoptosis and reduced 
autophagy when cells were exposed to stress.19 The 
finding of reduced autophagy suggests that, even 
with mutations outside of the IPV and BAG domains, 
a shared mechanism for dysfunction may exist. 
However, it is not known how autophagy is affected in 
patient cardiac tissue, if the BAG3 P63A/P380S vari-
ants impact the expression and stability of its HSP-
binding partners (as has been described for BAG 
domain mutations13), or whether these mutations in-
fluence sarcomere function.

In the present study, we used left ventricle tissue 
from DCM patients with the BAG3 63/380 mutation 
(BAG363/380), patients with idiopathic DCM, and non-
failing rejected donor controls, to assess markers of 
autophagy and expression of key BAG3-binding part-
ners involved in mediating BAG3-dependent autoph-
agy. Additionally, we examined expression of these 
binding partners in the sarcomere-enriched protein 
fraction and used biophysical assays to determine the 
impact of these mutations on function. We found that, 
as with mutations in the IPV and BAG domains, auto-
phagy is dysregulated with the 63/380 variants com-
pared with nonfailing and idiopathic DCM. Additionally, 

RESEARCH PERSPECTIVE

What Is New?
•	 Impaired autophagic protein turnover and de-

creased cardiomyocyte contractile function with 
co-occurrence of the BAG3 (B-cell lymphoma-
2–associated athanogene-3) P63A and P380S 
mutations suggests a shared mechanism of 
dysfunction between these and other previously 
characterized BAG3 variants, regardless of mu-
tation location.

What Question Should Be Addressed 
Next?
•	 To further support these findings, future steps 

should focus on obtaining a greater sample 
size of cardiomyocytes representing the BAG3 
P63A and P380S mutations, as well as gen-
eration of patient-derived and isogenic control 
human-induced pluripotent stem cells for tar-
geted in vitro analyses.

•	 With increased power, we can address the re-
maining question of the extent to which these 
mutations specifically impair maximum car-
diomyocyte contractile force in dilated car-
diomyopathy and explore other underlying 
disease-causing mechanisms within each spe-
cific BAG3 variant.

Nonstandard Abbreviations and Acronyms

BAG3	 B-cell lymphoma-2–associated 
athanogene-3

DCM	 dilated cardiomyopathy
HSP	 heat shock protein
IPV	 isoleucine-proline-valine
MS	 mass spectrometry
Fmax	 maximum calcium-activated force
SYNPO2	 synaptopodin-2
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the expression and sarcomeric localization of BAG3-
binding partners were altered with these variants, and 
sarcomere function was reduced. Finally, local protein 
structure prediction suggested that the P63A mutation 
increases local beta sheet propensity, which may im-
pact BAG3 N-terminal protein-binding partner affinity. 
Together, these data suggest a common molecular 
mechanism for pathogenic BAG3 variants through 
disrupted autophagic protein degradation, leading to 
compromised sarcomere contractile function.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Ethics Statement
All research involving human subjects was performed 
with strict adherence to the ethical guidelines estab-
lished by the 1975 Declaration of Helsinki. These stud-
ies were performed after receiving written informed 
consent from patients or their legal representatives 
and with institutional review board approval of each 
of the participating centers: University of Pittsburgh, 
University of Colorado, and Loyola University Chicago.

Tissue Procurement
Human samples used were obtained from the Loyola 
Cardiovascular Research Institute, University of 
Pittsburgh, and University of Colorado bioreposi-
tories. The nonfailing control tissue was obtained 
from donor hearts rejected due to size, age, or other 

Figure 1.  Unbiased quantitative proteomics assessment suggests altered autophagy with BAG363/380 variants.
A, BAG3 protein sequence with domains and known BAG3-binding partners; the BAG3 P63A mutation lies just outside of the WW 
domain, and the P380S mutation is located within the PXXP domain. B, Volcano plot of all proteins identified by bottom-up mass 
spectrometry and analyzed by label-free quantification; proteins with a +/− 0.3 log2 fold change in expression relative to nonfailing 
controls and a P value <0.05 were considered as having significantly different expression; upregulated proteins compared with 
nonfailing=red, downregulated proteins compared with nonfailing=blue; n=3 nonfailing, 2 BAG363/380; samples were not pooled for 
this analysis. C, DAVID GO analysis of the top 5 groups of differentially expressed proteins organized by biological process. AMOTL1 
indicates angiomotin like 1; BCL-2, B-cell lymphoma 2; GO, gene ontology; HSC70, heat shock cognate protein 70; HSF-1, heat shock 
transcription factor 1; HSPB/70, heat shock protein B/70; LATS1/2, large tumor suppressor kinase 1/2; LPS, lipopolysaccharide; PLCγ, 
phospholipase C γ; PXXP, proline-rich; TSC1, tuberous sclerosis 1; and WW, tryptophan–tryptophan.
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incompatibility. Idiopathic DCM and BAG363/380 mu-
tation samples were obtained from hearts explanted 
during left ventricular assist device placement or trans-
plant procedures.

Myofilament and Soluble Protein 
Enrichment
Frozen human left ventricular tissue was homog-
enized using a mechanical homogenizer in 1 mL 
of a standard rigor buffer (120 mmol/L CH3CO2K, 
50 mmol/L HEPES, 4 mmol/L MgCl2, 5 mmol/L EGTA, 
pH 7.0) with 1% Triton X-100 and protease and phos-
phatase inhibitors. The homogenate was left on ice 
for 20 minutes. After this incubation, the myofilament 
fraction was pelleted by centrifugation at 4 °C and 
1800g for 2 minutes. The supernatant (containing 
the soluble fraction) was collected and stored at −80 
°C. The pellet was washed with standard rigor buffer 
without Triton twice before being solubilized by re-
suspension in 8M urea/0.2% SDS. The resuspended 
pellet (containing the myofilament fraction) was soni-
cated and stored at −80 °C.

Western Blotting
Protein concentration was determined by bicin-
choninic acid assay (Pierce). Samples were heated 
at 95 °C for 10 minutes in sample buffer (3:1 vol/vol 
SDS Tris-Glycine Buffer [Life Technologies] and Bolt 
Reducing Agent [Fisher Scientific]) and loaded on 4% 
to 12% Tris-Glycine gels (Invitrogen). After separation 
by electrophoresis, protein was transferred onto ni-
trocellulose membrane. Equal loading was assessed 
by Revert Total Protein Stain. After staining, the blot 
was blocked with Tris-buffered saline and Intercept 
Blocking Buffer (LI-COR Biosciences) (1:1 dilution) for 
1 hour at room temperature. The blot was incubated 
overnight at 4 °C with agitation in blocking solution 
with primary antibody: BAG3 (Proteintech, 10 599-1-
AP 1:4000), HSP70 (Proteintech, 10 995-1-AP, 1:4000), 
HSPB8 (Proteintech, 15 287-1-AP, 1:1000), Alpha B 
Crystallin (Proteintech, 15 808-1-AP, 1:2500), SYNPO2 
(synaptopodin-2; Proteintech, 25 453-1-AP 1:2500), 
Ubiquitin (Cytoskeleton Inc., AUB01, 1:500–1000), LC3 
(CST, 2775S, 1:500–750), P62 (Proteintech, 18 420-
1-AP, 1:2500), Troponin I (IPOC, MA-1040, 1:2000), 
pS23/24 Troponin I (CST, 1:1000), α-Actin (Sigma, 
A2172, 1:5000). The membrane was washed 3 times 
using Tris-buffered saline with Tween before a final 
incubation of 1:1 blocking solution with tween and a 
near-IR secondary antibody (LI-COR Biosciences, 1:10 
000) for 1 hour. The blot was washed 3 times using 
Tris-buffered saline and imaged using an Azure c600. 
Densitometry analysis was performed using the LI-
COR Image Studio software with protein of interest 
signal normalized to total protein signal.

Myofilament Functional Assessment
Left ventricular tissue was mechanically homogenized 
in Isolation Buffer (8.91 mM KOH, 2 mmol/L EGTA, 
7.11 mmol/L MgCl2, 10 mmol/L imidazole, 108.01 
mmol/L KCl, 5.8 mmol/L adenosine triphosphate) con-
taining 0.5% Triton X-100 with 3 one-second pulses at 
7000 RPM and left on ice for 20 minutes to demem-
branate the myocytes. Myocytes were passed through 
a 70-μm filter and pelleted by centrifugation at 120g 
and resuspended in Isolation Buffer without triton. 
Myocytes were attached by UV-curing glue (NOA61, 
Thor Labs) to 2 pins, 1 attached to a calibrated force 
transducer (Kronex, AE801) and the other to a Piezo 
length controller. Calcium-activated force measure-
ments were performed at 6 different calcium concen-
trations (0.79, 0.97, 1.28, 2.41, 3.84, and 46.8 μmol/L), 
and the force produced was normalized to the myo-
cyte cross-sectional area, as previously described.21 
Data were fitted to a Hill Curve to determine the myo-
cyte maximum force and EC50 (calcium concentration 
required to elicit half-maximal force). All experiments 
were performed at room temperature and a sarcomere 
length of 2.1 μm as measured by fast Fourier transform.

Mass Spectrometry
The differentially expressed proteins from samples of 
nonfailing and failing human hearts were identified by 
using a modified in stage tip method and mass spec-
trometry analysis as described in detail previously.22,23 
Briefly, the hearts were homogenized in M-PER buffer 
(Mammalian Protein Extraction Reagent, Thermo 
Fisher Scientific) containing protease and phosphatase 
inhibitors. Guanidinium hydrochloride buffer (6M) was 
then added, and the homogenate was heated for 5 
minutes at 95 °C. Lys-C was then added and the lysate 
was diluted 5-fold with 25 mmol/L Tris, 10% acetoni-
trile buffer. The proteins were digested for 4 hours at 
37 °C, and a second extensive digestion was achieved 
by overnight incubation at 37 °C with trypsin. The di-
gestion was stopped by acidification with 3% trifluoro-
acetic acid followed by centrifugation at 2000 RCF for 
5 minutes. The supernatant was collected and loaded 
onto an activated in-house-made cation stage tip, and 
the peptides were eluted into 6 fractions. The desalted 
tryptic peptide samples were then loaded onto an 
Acclaim PepMap 100 precolumn (C18, 75 μm×2 cm, 
Thermo Scientific) and separated by Easy-Spray 
PepMap RSLC C18 column with an emitter (2 μm, 
100Å, 50 μm×15 cm, Thermo Scientific) by an Easy nLC 
system with Easy Spray Source (Thermo Scientific). To 
elute the peptides, a mobile-phase gradient was run 
using increasing concentration of acetonitrile. Peptides 
were loaded in buffer A (0.1% formic acid) and eluted 
with a nonlinear 145-minute gradient as follows: 0% to 
25% buffer B (0.1% formic acid, 85% acetonitrile) for 80 
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minutes, 25% to 40% B for 20 minutes, 40% to 60% 
B for 20 minutes and 60% to 100% B for 10 minutes. 
All percentages were volume/volume. The column was 
then washed with 100% buffer B for 5 minutes, 50% 
buffer B for 5 minutes, and reequilibrated with buffer 
A for 4 minutes. The flow rate was maintained at 300 
nL/min.

Electron spray ionization was delivered at a spray 
voltage of −2000 V. Tandem mass spectrometry frag-
mentation was performed on the 5 most abundant 
ions in each spectrum using collision-induced disso-
ciation with dynamic exclusion (excluded for 10.0 s 
after 1 spectrum), with automatic switching between 
mass spectrometry (MS) and tandem MS modes. The 
complete system was entirely controlled by Xcalibur 
software (Thermo Fisher Scientific). Mass spectra pro-
cessing was performed using Proteome Discoverer 
version 2.4 (Thermo Fisher Scientific). The generated 
deisotoped peak list was submitted to 3 separate da-
tabases: Mascot, MS Amanda 2.0, and Sequest HT. All 
3 databases’ search parameters were set as follows: 
species, homo sapiens; enzyme, trypsin with maximal 
2 missed cleavages; minimum peptide length, 4; max-
imum peptide length, 144; static modification, carba-
midomethyl/+57.021 Da(C); 10 ppm precursor mass 
tolerance and 0.6 Da fragment mass tolerance for tan-
dem MS fragment ions. Gene ontology analyses of the 
differentially expressed proteins were performed using 
the DAVID Bioinformatics platform.24,25

Statistical Analysis
Data analysis and graphical representation were per-
formed with Prism 9 (GraphPad software), unless other-
wise noted. Comparisons of 2 groups were performed 
by 2-tailed Student’s t-test. Comparisons of 3 groups 
were performed by 1-way ANOVA. When a significant 
interaction was identified, multiple comparisons were 
performed using Tukey’s post hoc test. For all Western 
blot data, due to small sample size, analysis was per-
formed by 1-way permutational AVOVA using RStudio 
(R Foundation for Statistical Computing). Experimental 
group blinding was not done.

RESULTS
Dysregulated Autophagy With BAG363/380 
Mutations
Earlier work with the BAG3 P63A and P380S variants 
found that they were associated with a worse prognosis 
in DCM compared with DCM from nongenetic causes.19 
The mechanism of dysfunction remains poorly de-
fined, but neither variant is in an HSP-binding domain 
of BAG3 (Figure 1A). The mechanisms of dysfunction 
with the 63/380 variants are critical to understand, as 

there are multiple other disease-associated BAG3 vari-
ants that are also located outside of these domains. 
Thus, with institutional review board approval, we pro-
cured left ventricular tissue from explanted hearts or 
pretransplant endomyocardial biopsies collected from 
patients with nonfailing (n=4; rejected donor hearts), id-
iopathic DCM (n=5; explanted hearts), and BAG363/380 
(n=2; left ventricular assist device cores) from patients 
at the University of Pittsburgh, University of Colorado, 
and Loyola University Chicago (Table) and examined 
the molecular impact of these variants to determine 
broadly how BAG3 variants outside of the HSP-binding 
domains may be pathogenic. To begin, we performed 
an unbiased quantitative proteomics screen of the left 
ventricular proteome in BAG363/380 compared with non-
failing. Label-free quantification MS showed 78 proteins 
with significantly altered abundance in the BAG363/380 
hearts compared with nonfailing (Figure 1B). Gene on-
tology biological process analysis revealed that these 
proteins were primarily involved in protein translation, 
muscle contraction, and autophagy (Figure 1C).

Because BAG3 is an established regulator of pro-
tein degradation by autophagy,26 we next examined 
whether autophagy was altered in the tissue of patients 
with BAG363/380. During maturation of autophago-
somes, the early phagophore-associated LC3-I protein 
is converted to LC3-II; therefore, relative expression of 
these 2 forms of LC3 can provide insight into auto-
phagic activity.27 By Western blot, we found that while 
LC3-I protein expression was consistent among the 3 
groups, LC3-II levels were increased in the BAG363/380 
samples, suggesting altered autophagy (Figure  2A 
through 2C). We next assessed the expression of an-
other autophagy marker, P62, which is necessary for 
connecting ubiquitinated protein substrates to the au-
tophagosome to facilitate their removal. We found that 
P62 levels increased by 37% and 23% in the patients 
with BAG363/380 compared with nonfailing DCM and 
DCM, respectively, although statistical significance 
was not reached (Figure 2D). Protein ubiquitination lev-
els, however, were found to be significantly increased 
with BAG363/380 compared with both the nonfailing and 
DCM groups (Figure 2E).

Table.  Patient Clinical Characteristics

Characteristic
Nonfailing 
controls

Dilated 
cardiomyopathy

BAG3 (P63A/
P380S)

Number 4 5 2

Female, % 75 40 0.0

Age, y, mean±SD 59.3±8.5 49.0±18.0 35.0±1.4

Ethnicity, %

Non-Hispanic 100 100 100

Hispanic 0 0 0

LVEF, mean±SD 66.3±5.3 22.4±22.5 NA

LVEF indicates left ventricular ejection fraction; and NA, not applicable.
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Altered Expression of BAG3-Binding 
Proteins in the Left Ventricle of Patients 
With BAG363/380

The involvement of BAG3 in autophagy stems from 
mediating the formation and regulation of a multi-
chaperone protein assembly termed the chaperone-
assisted selective autophagy complex. Through its 
2 IPV motifs, BAG3 associates with the adenosine 
triphosphate–independent small HSPs, which bind to 
denatured proteins and prevent their aggregation. The 
interaction of HSPBs with BAG3 allows for the connec-
tion of their cargo with HSP70—bound to BAG3’s C-
terminal BAG domain—and subsequent ubiquitination 
and trafficking to an autophagosome. SYNPO2 assists 
with autophagosome maturation and engulfment of 
the chaperone-assisted selective autophagy complex 

with its associated substrates (Figure 1A).4,28 Due to our 
observation of disrupted autophagy in the BAG363/380 
tissue, we hypothesized that this could result from a 
mutation-dependent effect on the expression/localiza-
tion of chaperone-assisted selective autophagy com-
plex proteins.

We used Western blot to assess expression of 
BAG3, HSP70, SYNPO2, HSPB8, and HSPB5 (also 
known as CRYAB) in the triton-soluble/cytosolic pro-
tein fraction of the nonfailing, DCM, and BAG363/380 
samples (Figure 3A and 3B). BAG3 protein expression 
was reduced in DCM as reported previously19,29,30; 
however, no change was observed for the patients 
with BAG363/380. HSP70 and CRYAB protein expres-
sion were similar between nonfailing and BAG363/380. 
However, HSPB8 and SYNPO2 levels were each re-
duced by ≈50% in the BAG363/380 tissue (Figure  3C 

Figure 2.  Dysregulated autophagy in left ventricle of patients with BAG363/380.
A, Western blots for LC3, P62, and ubiquitin in the triton-soluble protein fraction of left ventricles from patients with NF, DCM, and 
BAG363/380 mutation, with corresponding Revert total protein stain. B through E, Quantitative densitometry analysis of the LC3-I 
(B), LC3-II (C), P62 (D), and ubiquitin (E) signals normalized to total protein; n=4 NF, 5 DCM, 2 BAG363/380; data are presented as the 
mean±standard error and were analyzed by 1-way permutational ANOVA. DCM indicates dilated cardiomyopathy; NF, nonfailing; and 
LC3, microtubule-associated proteins 1A/1B light chain 3B.
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through 3G). A similar decrease was found in the DCM 
group for HSPB8, suggesting a mutation-independent 
change in expression in DCM, which we have previ-
ously shown is due to the reduction in BAG3 levels.2,18 
However, for SYNPO2, the DCM group displayed a 
≈60% increase, suggesting the observed decrease in 
SYNPO2 in patients with BAG363/380 was a mutation-
specific effect.

Our previous work showed that BAG3 and its bind-
ing partners localized to the sarcomere under proteo-
toxic stress conditions and that this localization was 
partially BAG3 dependent.2 Therefore, we next investi-
gated expression of these proteins in the myofilament 
protein fraction to determine if BAG363/380 disrupts 
their sarcomeric localization. Using Western blot on 
myofilament-enriched protein lysates, we found simi-
lar expression in the nonfailing, DCM, and BAG363/380 
samples for BAG3, HSPB8, SYNPO2, and HSP70 
(Figure 4A through 4F). However, while CRYAB levels 
were similar between nonfailing and DCM, myofilament 
CRYAB was completely lost in patients with BAG363/380 
(Figure 4G).

BAG363/380 Cardiomyocytes Display 
Sarcomere Contractile Dysfunction 
and Increased Myofilament Protein 
Ubiquitination
Because several previous studies identified BAG3 as 
an important factor for maintaining sarcomere struc-
ture and function,2,3,12,18,31,32 we next assessed myofila-
ment function in cardiomyocytes from the nonfailing, 
DCM, and BAG363/380 samples using the skinned 
myocyte force-calcium assay. Maximum calcium-
activated force (Fmax) was significantly reduced in the 
DCM group compared with nonfailing (15.27±0.71 ver-
sus 24.1±1.62). Notably, Fmax was also considerably re-
duced in the BAG363/380 cardiomyocytes (11.41±1.44) 
and trended toward statistical significance when 
compared with the DCM group (P=0.0897) (Figure 5A 
and 5B). Cardiomyocyte calcium sensitivity was also 
increased in DCM compared with nonfailing, as in-
dicated by reduced EC50. However, the EC50 in the 
BAG363/380 cardiomyocytes was not significantly differ-
ent from nonfailing (Figure 5C).

Figure 3.  Assessment of BAG3-binding partners in the soluble protein fraction.
A, Western blot for BAG3 and HSPB8 in the triton-soluble protein fraction with corresponding Revert total protein stain. B, Western 
blot for SYNPO2, HSP70, and CRYAB in the triton-soluble protein fraction with corresponding Revert total protein stain. C through 
G, Quantitative densitometry analysis of BAG3 (C), HSPB8 (D), SYNPO2 (E), HSP70 (F), and CRYAB (G) signals normalized to total 
protein signal. For all, n=4 NF, 5 DCM, 2 BAG363/380; data are presented as the mean±standard error and were analyzed by 1-way 
permutational ANOVA. CRYAB indicates crystallin alpha B; DCM, dilated cardiomyopathy; HSP70/B8, heat shock protein 70/β-8; NF, 
nonfailing; and SYNPO2, synaptopodin 2.
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Altered myofilament calcium sensitivity in heart fail-
ure is often reflective of changes in the phosphorylation 
status of troponin I. Troponin I phosphorylation at S23/
S24 by protein kinase A regulates myofilament calcium 
sensitivity.33 In heart failure, troponin I phosphorylation 
decreases, thus increasing the calcium sensitivity.34,35 
To determine if the differences in calcium sensitivity 
observed in our study could be explained by troponin 
I phosphorylation, we used Western blot for total tro-
ponin I and S23/24 phosphorylated troponin I in myo-
filament protein lysates. Similar qualitative decreases 
in troponin I phosphorylation were observed in the 
DCM and BAG363/380 groups compared with nonfailing 
(Figure 5D and 5E). However, protein expression of the 
lowly expressed slow skeletal muscle troponin I iso-
form were qualitatively lower in the BAG363/380 samples 
(Figure 5F).

BAG3 had previously been shown to mediate re-
moval of misfolded sarcomeric proteins by autoph-
agy, and decreased expression/mutation to BAG3 
was associated with increased myofilament protein 

ubiquitination.2 We therefore next assessed total ubiq-
uitin levels in the myofilament protein fraction by 
Western blot. BAG363/380 samples displayed a signifi-
cant increase in myofilament ubiquitin compared with 
nonfailing (Figure 5G and 5H). This increase was con-
sistent with that observed in the DCM group.

BAG3 P63A Variant Is Predicted to Alter 
Local Protein Secondary Structure
The P63A and P380S BAG3 variants are caused by 
missense mutations in exons 2 and 4 of BAG3’s 4 
coding exons (Figure 1A). Within the protein structure, 
P63 is slightly outside of a tryptophan–tryptophan do-
main (AA 21–55), which facilitates interactions with 
proline-rich domains of many BAG3-binding partners 
including SYNPO2 (Figure  1A). The P380S variant is 
located in BAG3’s own proline-rich domain, which in-
teracts with the motor protein dynein to transport its 
misfolded protein substrates to degradation pathways 
(Figure 1A).36,37

Figure 4.  Assessment of BAG3-binding partners in the myofilament protein fraction.
A, Western blot for BAG3 and HSPB8 in the myofilament protein fraction with corresponding Revert total protein stain. B, Western 
blot for SYNPO2, HSP70, and CRYAB in the myofilament protein fraction with corresponding Revert total protein stain. C through G, 
Quantitative densitometry analysis of BAG3 (C), HSPB8 (D), SYNPO2 (E), HSP70 (F), and CRYAB (G) signals normalized to total protein 
signal. For all, n=4 NF, 5 DCM, 2 BAG363/380; data are presented as the mean±standard error. CRYAB indicates crystallin alpha B; 
DCM, dilated cardiomyopathy; HSP70/B8, heat shock protein 70/β-8; NF, nonfailing; and SYNPO2, synaptopodin 2.
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Figure 5.  Cardiomyocytes from BAG363/380 patients exhibit reduced sarcomere function and increased myofilament protein 
ubiquitination.
A. Skinned cardiomyocyte force-calcium curves for the NF, DCM, and BAG363/380 samples. B and C, Summary data for cardiomyocyte 
maximal calcium-activated force (Fmax) (B) and EC50 (calcium concentration required to elicit half-maximal force) (C) from the 3 groups; 
n=9 NF cardiomyocytes from 3 samples (1 sample not used due to lack of remaining tissue), 15 DCM from 5 samples, 6 BAG363/380 from 
2 samples. D, Western blot for phosphorylated (S23/S24) cardiac troponin I (cTnI), total TnI, and sarcomeric α-Actin. E, Phosphorylated 
cTnI signal normalized to total cTnI signal. F, Slow skeletal TnI (ssTnI) signal normalized to α-Actin. G. Western blot for ubiquitin in 
the myofilament protein fraction with corresponding total protein stain. H, Ubiquitin signal normalized to total protein. All data are 
presented as the mean±standard error and were analyzed by 1-way ANOVA. (p-)cTnI indicates (phosphorylated) cardiac troponin I; 
DCM, dilated cardiomyopathy; NF, nonfailing; and ssTnI, slow skeletal troponin I.
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One previous study of a pathogenic BAG3 vari-
ant found that replacing proline with leucine at amino 
acid 209 was predicted to alter local protein second-
ary structure by increasing beta-sheet propensity.38 
This resulted in increased exposure of hydrophobic 
residues on BAG3, making the protein more prone to 
aggregation. Because the mutations of interest in our 
2 patients were also at proline residues, we hypothe-
sized that a similar effect on secondary structure might 
be observed. We used PepFold39 to predict whether 
replacing the prolines at 63 and 380 to alanine and 
serine, respectively, altered the predicted secondary 
structure. The P63A mutation greatly increased the 
predicted β-sheet propensity and decreased disor-
der (Figure  6A). No overt differences were predicted 
by replacing the proline at residue 380 with serine 
(Figure 6B).

DISCUSSION
Mutations in BAG3 are associated with the develop-
ment of DCM.9,10 The most common pathogenic muta-
tions are truncating variants where the HSP70-binding 
C-terminal BAG domain is absent.17 Several point mu-
tations in the IPV and BAG domains are also linked to 
cardiomyopathies through altered HSP70 binding and 
small HSP (HSPB) stability.13,38 The disease-causing 
mechanism for these mutations is therefore suggested 
to be through disrupting BAG3-dependent turnover 
of HSP70 clients through autophagy, which leads to 
sarcomere dysfunction.2,12,13 Interestingly, 2 BAG3 vari-
ants outside of the IPV and BAG domains (P63A and 

P380S) were recently found to co-occur in a subset 
of patients and contribute to worse prognosis in DCM 
through impairing BAG3’s stress responsiveness.19,20 
We hypothesized that these mutations would also dis-
rupt BAG3-dependent protein turnover and sarcomere 
function, thus highlighting a common mechanism for 
pathogenesis. To test our hypothesis, we compared 
left ventricular tissue from 2 patients with DCM with 
the BAG363/380 variants to tissue from nonfailing donors 
and patients with idiopathic DCM.

Previous examination of these variants using ade-
noviral expression in AC16 cells identified reduced au-
tophagy and increased cell death.20 Herein, we found 
that autophagy was also dysregulated in the myo-
cardium of patients harboring these mutations. While 
studying autophagy at a fixed time point in tissue does 
not allow for the assessment of autophagic flux, the 
collective increases in LC3-II, P62, and ubiquitin pro-
tein expression suggests a buildup of late-stage au-
tophagosomes. This observation is further supported 
by our gene ontology analysis of the proteomics data, 
which identified autophagy as the third most altered 
protein group by biological process. Similar observa-
tions were made with human left ventricular tissue from 
a patient with the P209L BAG3 mutation.11 A failure of 
autophagosome–lysosome fusion and subsequent 
impaired degradation of autophagosome contents in 
the absence of functional BAG3 is supported by pre-
vious work.40

The association of BAG3 with HSP70 is required 
for maintaining stability of the small heat shock pro-
teins HSPB6, HSPB8, and CRYAB.13,18,31 In the pres-
ent study, we found reduced expression of HSPB8 in 

Figure 6.  Secondary structure prediction suggests increased β-sheet propensity and reduced disorder with P63A variants.
A, PepFold predicted secondary peptide structure with the P63A variant compared with the wild-type BAG3 peptide sequence. 
B, Pepfold predicted secondary peptide structure with the P380S variant compared with the wild-type BAG3 peptide sequence.
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patients with the 63/380 variants; however, the reduc-
tion matched that observed in the DCM group, sug-
gesting a disease-dependent decrease in expression. 
CRYAB protein expression was also not impacted in 
the BAG363/380 tissue, but myofilament localization was 
completely abrogated. We do not expect these vari-
ants to impact the association of BAG3 with CRYAB 
because they do not lie in the IPV motifs, and even 
mutations in a single IPV motif have previously been 
shown not to impact binding.38 From this, it is unclear 
how CRYAB localization is so drastically impacted in 
these patients. One hypothesis is that aggregation 
of BAG3 in the cytosol might facilitate CRYAB coag-
gregation, a common feature of heart failure,41,42 thus 
precluding its cytoskeletal localization. Such an effect 
would be detrimental to cardiomyocyte function, as 
CRYAB is a known cochaperone for both desmin and 
titin.43 Our data also support that these variants may 
disrupt stability of the BAG3 adaptor protein SYNPO2, 
which we have previously shown to require BAG3.18 
We hypothesize that this is due to impaired binding re-
sulting from the P63A mutation, which is adjacent to 
the SYNPO2 binding tryptophan–tryptophan domain.

PepFold analysis of peptide secondary structure 
aberrations with the BAG3 variants predicted that 
switching an alanine for proline at residue 63 would 
increase local β-sheet propensity, which may impair 
the ability to bind SYNPO2. Earlier work with another 
BAG3 proline mutation (P209L) found the same pre-
diction and went on to show experimentally that the 
increased β-sheet content was associated with in-
creased propensity for aggregation.38 If the prediction 
in our study is true, an aggregation-prone BAG3 would 
likely lead to a buildup of misfolded proteins. This hy-
pothesis is supported by our data indicating that total 
protein ubiquitination, a readout of proteins marked for 
degradation but that fail to be removed, increases in 
the patients with BAG363/380 compared with both non-
failing and DCM. In addition, the fact that BAG3 pro-
tein levels with the variants do not decrease, as they 
do with DCM alone, which may be due to increased 
aggregation.

Previous work from our group and others has 
shown that BAG3-dependent autophagy is funda-
mental for sarcomere structural and functional main-
tenance.2,3,13 We previously proposed that retention of 
old/misfolded proteins in the sarcomere with reduced 
BAG3 or BAG3 mutations was an underlying mecha-
nism of reduced myofilament Fmax in heart failure.2 In 
the present study, we found reduced Fmax in both the 
DCM and BAG363/380 groups, with BAG363/380 display-
ing the lowest force. However, due to lack of power, 
it is not clear whether these variants have an additive 
detrimental effect on Fmax in DCM. One feature that 
appears different between the patients with DCM and 
patients with BAG363/380 is the myofilament calcium 

sensitivity. Calcium sensitivity is typically increased in 
heart failure due to reduced PKA-mediated phosphor-
ylation of troponin I.33 While this correlation was present 
in the DCM group, in the BAG363/380 group, sensitiv-
ity matched nonfailing controls despite a reduction in 
phospho–troponin I. One potential explanation might 
be reduced expression of the slow skeletal troponin 
I isoform, which has previously been associated with 
altered calcium sensitivity.3 However, future studies will 
be required to validate this.

Study Limitations
The study is limited by the low sample number in the 
BAG363/380 group. However, we were unable to find 
additional samples, as genetic cardiomyopathy tis-
sue from the same mutations is rare. The observations 
made with this sample size should inform future stud-
ies in cultured cardiomyocytes. Future work should 
focus on generating induced pluripotent stem cell–
derived cardiomyocytes and isogenic controls from 
patients with the P63A and P380S variants. We were 
unable to directly measure autophagy flux in human 
tissue, as this would require pharmacological inhibition 
of autophagy before tissue collection. However, our 
previous in vitro studies of these variants in AC16 cells 
also identified disrupted autophagy.19 Previous work 
indicated that both reduced BAG3 protein levels and 
BAG3 mutations alter sarcomere structure, which likely 
underlies the frequently observed reduced contrac-
tile function.11,14,33 Unfortunately, due to limited tissue 
amount, ultrastructural assessment was not possible 
in this study. In addition, the quantitative proteomic 
assessment of protein expression does not include a 
DCM group, which makes it difficult to conclude how 
DCM with the BAG3 variants differs from idiopathic 
DCM at the global proteome level. Finally, the patients 
with DCM were not subjected to genetic testing to rule 
out other possible contributing variants, as there were 
no indications of familial disease.

CONCLUSIONS
Patients with DCM carrying the BAG3 P63A and P380S 
variants display worse clinical outcomes.19 Using tissue 
from 2 patients with these variants, we identified dys-
regulated autophagy and reduced sarcomere function 
in the myocardium. Our data suggest that the disease-
enhancing mechanism for BAG3 variants outside of 
the BAG domain (as with previously characterized IPV 
and BAG domain variants) may also occur through 
disrupted autophagic protein turnover leading to com-
promised sarcomere function. These findings suggest 
a shared mechanism of disease among pathogenic 
BAG3 variants, regardless of location. Thus, there 
may be therapeutic potential for broad targeting of 
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autophagy in patients with heart failure stemming from 
all disease-associated BAG3 variants, not only those 
impacting the HSP-binding domains.
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